Epstein-Barr virus (EBV)-encoded RNAs (EBER) in tumor tissue and cell-free plasma EBV-DNA (pEBVd) are detected in EBVassociated lymphomas. Studies have suggested that EBER1 peripheral T-cell lymphomas (PTCL) have worse prognosis but the role of EBV in these neoplasms remains unclear. pEBVd is quantitative and more easily amenable to standardization than EBER, but frequency of pEBVd detection, clinical impact and agreement with EBER status in PTCL are unknown. We retrospectively assessed frequency of detectable pre-treatment pEBVd, presence of EBER in tumor tissue, and outcomes in 61 of 135 EBV-assessable PTCL patients. Fifteen of 61 patients (24.5%, 95% CI: 14-37%) were pre-treatment pEBVd1, with no significant differences in baseline characteristics or treatment between pEBVd1 and pEBVd2 patients. EBER-ISH was performed on 10 pEBVd1 and 35 pEBVd2 tumors. All 10 pEBVd1 patients were EBER1, but 9 pEBVd2 patients were also EBER1. With median follow up of 24 months (range 1-96), overall survival (OS) was shorter in pEBVd1 compared to pEBVd2 patients (13 vs. 72 months; p 5 0.04). In our retrospective study, pre-treatment pEBVd was elevated in 25% of PTCL patients, was highly specific for EBER1 tumors, and was associated with shorter survival. pEBVd should be further explored as a prognostic variable and tumor biomarker in PTCL.
Introduction
Peripheral T-cell lymphomas (PTCLs) are a heterogeneous family of lymphoid malignancies with four nodal subtypes representing >80% of the cases in the United States: peripheral T-cell lymphoma not otherwise specified (PTCL-NOS), angioimmunoblastic T-cell lymphoma (AITL), anaplastic lymphoma kinase (ALK) negative anaplastic large cell lymphoma (ALCL) and ALK positive ALCL. With the exception of ALK1 ALCL, PTCLs are characterized by poor prognosis (30% 5-year OS). 1 Better therapies and improved tools for risk stratification and disease monitoring are urgently needed. Epstein-Barr virus (EBV) is a ubiquitous lymphotropic gammaherpesvirus associated with several lymphoma subtypes, including a subset of PTCLs.
2 EBV-associated lymphomas are canonically defined by the presence of EBVencoded RNAs (EBERs) in tumor tissue. 3 While its contribution to disease development and progression in each lymphoma subtype is not fully understood, EBV has shown potential as a tumor biomarker, predictor of outcome and therapeutic target. [4] [5] [6] [7] In some EBV-associated lymphomas, cell-free plasma EBV-DNA (pEBVd) can also be detected and quantified by quantitative real-time (qRT) PCR, providing an easily attainable candidate biomarker to assess tumor's linkage to EBV and disease burden. In some EBV-associated lymphomas the amount of pEBVd (colloquially known as viral load) has prognostic value. 8, 9 Finally, therapies specifically targeting EBV in lymphoma are being introduced in the clinic with encouraging outcomes. 4, 5, 10, 11 Multiple studies have looked for the presence of EBV (i.e., EBER) in PTCL tumor tissue with variable results. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The incidence of EBV-associated PTCL differ substantially worldwide, 25 and studies focused on North American and European populations are limited. Some studies have suggested a worse survival in EBER1 PTCL.
prognostic impact of pEBVd in PTCL has only been examined in patients with extranodal NK/T-cell lymphoma (ENKTL), 28 and studies in North American patients or in other types of PTCL are lacking.
We conducted a retrospective study of pre-treatment pEBVd detection in PTCL patients. Given the histologic and molecular overlap between some PTCL subtypes [29] [30] [31] we included all PTCL subtypes in our analysis. The objectives of our study were to: (1) estimate the frequency of pretreatment pEBVd detection in our cohort of PTCL patients, (2) characterize agreement between pEBVd and EBER in tumor tissue and (3) explore the prognostic or predictive implications of detectable pEBVd in PTCL. Secondarily, we measured plasma CMV-DNA (pCMVd) as an additional marker of impaired immune surveillance.
Methods

Patient selection and endpoints
Numerous instances of detectable pCMVd and/or pEBVd in patients with T-cell malignancies have prompted us to integrate the measurement of pEBVd and pCMVd via qRT-PCR in the Ohio State University Wexner Medical Center CLIAapproved molecular microbiology laboratory for patients with T-cell lymphoma (Supplemental Methods). To determine the clinical significance of pEBVd, we retrospectively reviewed data from the electronic medical record (EMR) and identified patients who had a pathologically confirmed diagnosis of PTCL according to WHO criteria, 29 were treated at the OSU James Cancer Hospital between 1/1/2004 and 12/31/2013, and had pre-treatment pEBVd measurement(s). Patients with ENKTL and cutaneous T-cell lymphoma (CTCL) were excluded. We reviewed patient characteristics, subtype, treatment history and outcomes. Stage was defined according to the Lugano modification of the Ann Arbor staging system. 32 Patients treated prior to the revised Lugano classification were re-classified based on retrospective chart review. Date of diagnosis was defined as the date of the first biopsy showing a diagnosis of PTCL. We reviewed patient characteristics and outcomes including frequency and timing of detectable pEBVd. Response assessments were defined by the Lugano classification. 32 Dates of death were confirmed using our institutional EMR as well as social security death index. The OSU IRB approved our study (2013C0125 33 and measures of sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV). The primary clinical outcome of interest was overall survival (OS), calculated from the date of PTCL diagnosis to the date of death due to any cause, censoring patients who were alive at time of last follow-up. Kaplan-Meier analyses and log-rank tests were used to estimate and compare survival differences between pEBVd1 and pEBVd2 groups. Given the limited number of deaths, multivariable analyses were restricted to two-covariate models and were seen as exploratory, where proportional hazards models were fit to evaluate the impact of pre-treatment pEBVd status on OS, controlling for one other prognostic factor as established by International Prognostic Index (IPI) and the Prognostic Index for PTCL (PIT), one at a time. 29, 34, 35 All tests were two-sided and statistical significance was declared for p < 0.05. SAS statistical software Version 9.4 (SAS Institute, Inc., Cary, NC, USA) was used for these analyses.
Results
Patient characteristics
We The association of Epstein-Barr virus (EBV) with peripheral T-cell lymphoma (PTCL) suggests that EBV may be prognostically relevant for the disease. Little is known, however, about the frequency with which plasma EBV-DNA (pEBVd) occurs in PTCL, whether pEBVd is clinically significant, and whether pEBVd detection agrees with EBV-encoded RNA (EBER) status. In this retrospective study, pEBVd was detected in 25% of PTCL patients and was found to be highly specific for EBER-positive tumors. Furthermore, the presence of pEBVd was associated with poor survival. These findings support additional investigation of pEBVd as a prognostic and predictive biomarker in PTCL.
similarities between the two populations. The most common reason for a missing pre-treatment pEBVd measurement was that the patient's first visit at OSU occurred after initiation of chemotherapy. Other reasons include lab error and sample not acquired, which occurred more frequently in patients diagnosed prior to 2010. To explore the prognostic impact of pEBVd detection in this population and to assess the agreement between pEBVd and EBER-ISH in tumor tissue, we focused our primary analyses on the 61 PTCL patients with a pre-treatment pEBVd measurement ( Fig. 1) . Table 1 shows the demographic and clinical features of the 61 PTCL patients and a comparison of the pEBVd1 and pEBVd2 groups. Most patients had PTCL-NOS (N 5 28, 46%), while 15 had AITL (25%), 10 ALCL ALK-(17%), 4 ALCL ALK1 (6%), and 2 each had hepatosplenic T-cell lymphoma (HSTCL) and enteropathy associated T-cell lymphoma (EATL). Median age of diagnosis was 62 (range 19-85) with M:F ratio of 2:1. Most patients had stage III/IV disease (N 5 53, 87%), ECOG performance status 0-1 (N 5 34, 62%), elevated LDH (N 5 37, 63%), uninvolved bone marrow (N 5 39, 71%) and 0-1 sites of extranodal disease (N 5 37, 61%).
Among the 61 patients with a pre-treatment pEBVd measurement, 15 (24.5%, 95% CI: 14-37%) were pEBVd1. There were no significant differences in age, sex, race, stage, performance status, elevated LDH or bone marrow involvement between the pEBVd1 and pEBVd2 cohorts. There were moderate but not statistically significant associations between the pEBVd cohorts and stage of disease (p 5 0.18), international prognostic index (IPI; p 5 0.09), degree of extranodal involvement (p 5 0.06), and PTCL subtype (p 5 0.06). All pEBVd1 patients had stage III/IV disease compared to 83% of pEBVd2 patients; likewise a higher proportion of pEBVd1 patients had more extranodal sites and higher IPI than pEBVd2 patients. Notably, pEBVd1 patients were more likely to have AITL than pEBVd2 patients (47% vs. 17%) and less likely to have ALCL ALK-(0% vs. 22%). There were no significant differences with regards to front line or salvage treatments between pEBVd cohorts (Table 1 and Suppl. Table 2 ). The most common front line regimens for all patients were EPOCH and CHOP (N 5 42, 72%).
Agreement between pEBVd and EBER
To determine the potential for pre-treatment pEBVd to serve as a surrogate biomarker for EBER detection in tumor tissue, we compared the frequency of EBER1 tumors using in-situ hybridization (Suppl. Methods). Overall, EBER-ISH testing was performed on 45 of the 61 PTCL patients with pretreatment pEBVd testing. All 26 EBER2 patients were pEBVd2. Of the 19 EBER1 patients, 10 were pEBVd1 and 9 were pEBVd2, resulting in an overall agreement rate of 80% (95% CI: 65-90%). The kappa statistic was 0.56 (95% CI: 0.33-0.79), corresponding to moderate but not substantial levels of agreement. The sensitivity of pEBVd as surrogate for EBER was 53% (95% CI: 29-76%) and specificity was 100% (95% CI: 87-100%). Importantly, positive predictive value (PPV) was 100% (95% CI: 69-100%) but negative predictive value (NPV) was only 74% (95% CI: 57-88%).
Impact of pre-treatment pEBVd and EBER on outcome
In addition to assessing agreement between pEBVd and EBER, one of the objectives of our study was to determine if pre-treatment pEBVd status (pEBVd1 vs. pEBVd2) was associated with survival. With a median follow up of 24 months, the pEBVd1 cohort had significantly shorter overall survival (OS) than the pEBVd2 cohort (p 5 0.04) (Fig. 2A) . The estimated 2-year OS was 26% (95% CI: 6-51%) for pEBVd1 compared to 55% (95% CI: 37-69%) for pEBVd2 patients. Unlike two previous studies, 26 ,27 EBER1 status was not significantly associated with worse survival in our cohort (p 5 0.65). (Suppl. Figure 1 ) To further explore this association in the subset of patients for whom both EBER and pEBVd were available (N 5 45), EBER1/pEBVd1 patients had the lowest 2-year OS estimate (40%; 95% CI: 10-70%), whereas 2-year OS estimates for the EBER1/pEBVd2 and EBER2/pEBVd2 patients were 74% (95% CI: 29-93%) and 65% (95% CI: 42-81%), respectively (Fig. 2B ). Due to small patient numbers this data is only hypothesis generating but suggests that detection of pEBVd irrespective of EBER status identifies a subset of PTCL patients with worse prognosis.
Due to the small number of deaths (n 5 30), adjustment for other potentially confounding variables via multivariable modeling was quite limited. However, separate bivariate models were fit, including pEBVd status and controlling for single known prognostic factors, one at a time ( Table 2 ). The impact of pEBVd status on OS changed little when controlling for variables such as age, performance status and elevated LDH. Since ALK1 ALCL patients carry a better prognosis than other types of PTCL we controlled for this factor and found that the worse survival in pEBVd1 patients was not altered by ALK status (HR 2.2; p 5 0.05). When controlling for AITL we found that pre-treatment pEBVd1 was associated with significantly worse overall survival (HR 2.9; p 5 0.008). Alternatively, when controlling for pEBVd1, a Tumor Markers and Signatures diagnosis of AITL was associated with significantly better prognosis (HR 0.38; p 5 0.04). However, when controlling for non-tumor specific factors such as stage, extranodal disease, bone marrow involvement, or IPI score, pEBVd status did not provide significant independent prognostic information in this cohort (p > 0.05).
Longitudinal measurement of pEBVd
We hypothesized that, when detectable at diagnosis, pretreatment pEBVd levels may serve as a tumor biomarker in PTCL, decreasing or normalizing with response to therapy and rising with disease relapse or progression. While the retrospective nature and limited sample size of our study only Abbreviations: AITL, angioimmunoblastic T-cell lymphoma; ALCL, anaplastic large cell lymphoma; ALK, anaplastic lymphoma kinase; PS, performance status; LDH, lactate dehydrogenase; BM, bone marrow; 1 IPI, International Prognostic Index, 1 point for age >60 yo, PS >1, LDH elevated, >1 extranodal site, stage III/IV; pEBVd, plasma EBV-DNA; PTCL-NOS, peripheral T-cell lymphoma not otherwise specified.
allow for descriptive observations, 12 of 15 pEBVd1 PTCL patients had more than one pEBVd measurement 8 of 46 pEBVd2 patients had pEBVd measurements after initiation of therapy. Figure 3 shows pEBVd measurements during and after therapy with corresponding outcomes. Six of the 12 pEBVd1 patients continued to have detectable pEBVd during therapy and 4 were positive at the end of therapy (including 1 patient in CR by Lugano criteria). All 6 patients with detectable pEBVd during therapy died of progressive disease. The other 6 pEBVd1 patients had undetectable pEBVd during therapy, and 4 remained pEBVd2 after therapy (no data for the other 2). Only 2 of these 6 patients died of progressive disease. Of the 8 pEBVd2 patients with longitudinal pEBVd measurements, 1 had detectable pEBVd during therapy but was negative at the end. Six of these eight patients remain alive at last follow-up, 4 of which are alive at least 34 months since diagnosis.
Frequency of pCMVd detection
Finally, we performed serial measurements of pCMVd in parallel with pEBVd via qRT-PCR as a surrogate for impaired immune surveillance. pCMVd was measured at least once in 55/61 (90%) patients. Forty-eight of 55 had pCMVd measured at diagnosis and 33 of 48 were measured at least once more after initiation of treatment. In total, seven patients (13%; 7/55) had elevated pCMVd either at diagnosis or after initial treatment. Three were pCMVd1 at diagnosis, 2 of which continued to have elevated pCMVd after initiation of therapy. The other 4 individuals were only pCMVd1 after initiation of treatment. Positivity of pEBVd tended to be associated with positivity of pCMVd, where 29% of 14 pEBVd1 patients were also pCMVd1 compared to only 7% of 41 pEBVd2 patients (p 5 0.06).
Discussion
Although EBV is best known as a transforming virus for mature B-cells, a number of retrospective studies have shown that EBV infected cells, identified by the expression of non-coding EBV RNAs (EBER), are easily detected in a subset of lymphoid tumor biopsies from immune competent patients with mature T/NK-cell neoplasms, including PTCLs. 3, [36] [37] [38] Some of the same studies have also suggested that EBER1 PTCL-NOS, defined as having at least one EBER1 cell per high power field (HPF), represent a relatively large subset (30-41%) of all cases and may have a worse outcome than EBER negative PTCL-NOS, although the age group affected differed among studies. 3, [36] [37] [38] This would be in line with the negative prognostic impact 
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conferred by EBV on diffuse large B-cell lymphoma (DLBCL) and classical Hodgkin lymphoma (cHL).
9,39
With the exception of ENKTL, where EBV uniformly infects NK cells, the lineage of the EBER1 cells in PTCL has generally been left unaddressed; mostly due to technical challenges and the poor resolution afforded by IHC-ISH double staining, especially when the number of EBER1 cells is small. However, EBER1 large, atypical T-cells have been described in PTCL, sometimes in large numbers, 2, 23 suggesting that EBV can infect neoplastic T-cells; therefore, raising questions about the mechanism of viral entry (T-cells do not typically express CD21, the canonical receptor for EBV) and the potential oncogenic role of the virus in these neoplasms. Regardless of whether it is found in neoplastic T-cells or in tumor-infiltrating B-cells in the nodal microenvironment, as in AITL, 40 EBV may affect tumor behavior 41 and clinical outcomes in patients with PTCL through its pleiotropic effectsin cis and trans -on cell growth, apoptosis, DNA methylation, chromatin remodeling and immune responses. Detection of EBER1 cells in PTCL tumor tissue, especially in large numbers, may therefore identify a subset of patients with a distinct biology, either because of virus-induced activation of oncogenic pathways in the neoplastic T-cells or because of ineffective anti-tumor responses in a "permissive" microenvironment (signaled by EBV reactivation in B-cells). Since in some cases, EBV can infect both T-cells 42 and B-cells, these mechanisms may coexist. And, while clarifying the lineage of the EBV infected cells is essential to propose mechanistic hypotheses about direct oncogenic effects of the virus in PTCL, the impact of EBV as a prognostic variable or a marker of disease burden may not necessarily depend on which cells are infected. Thus, a blood-or plasma-based surrogate for EBER, such as pEBVd, could be utilized to pursue studies addressing the impact of EBV on key clinical endpoints in PTCL, even without knowledge of the cell type infected.
The selection of plasma vs. PBMC to measure EBV-DNA levels is supported by studies showing that the former correlates well with EBER-ISH, disease burden or prognosis in other EBV-associated neoplasms. 8, 9, 43 In a large prospective clinical trial in advanced cHL, pEBVd 60 copies/lL was found to predict failure free survival when measured pretreatment and 6 months after treatment. 9 Likewise, in ENKTL, detectable pEBVd after initiation of therapy was associated with relapsed and refractory disease and poor prognosis. 43 The data presented in our study, and previous work from our group in advanced stage CTCL, 38 are the first to assess the value of pEBVd as a surrogate for EBER in PTCL and to suggest its potential as a prognostic biomarker comparable to with previous studies 2, 26, 27 that assessed EBER, rather than pEBVd. Overall, we show that 25% of the assessed PTCL patients had elevated pre-treatment pEBVd levels, underlining the fact that EBV1 PTCL is not a rare occurrence. Furthermore, while preliminary, our data seem to confirm that EBV-association is not distributed equally across PTCL subtypes. One third (33%; N 5 14/43) of PTCL-NOS (N 5 7) and AITL (N 5 7) were pEBVd1 but only 1/ 14 CD301 ALCL was pEBVd1. This difference suggests that detection of EBV is associated with different biological subsets of T-cell lymphoma and that either ALCL tumor cells are less prone to be infected by EBV or that the tumor microenvironment in CD301 ALCL is less "permissive" to EBV reactivation. Although none of the associations with clinical characteristics reached statistical significance, patients who were pEBVd1 tended to have more advanced disease with a higher proportion of extranodal disease and IPI score.
One of the goals of our study was to assess the agreement between pEBVd and EBER. In this cohort of PTCL patients analyzed, elevated pEBVd at diagnosis was highly specific for EBER positivity in tumor tissue (100% specificity and PPV), but inadequately sensitive (53% sensitivity and 74% NPV). In other words, all patients who were pEBVd1 were also EBER1, but pEBVd failed to identify all EBER1 patients. The retrospective design and clinical qRT-PCR limit our ability to define a PCR cut-off that optimizes sensitivity and specificity. Questions regarding the optimal cut-off value can only be clarified using strategic prospective bio-specimen sampling and quantitative continuous measurements of both pEBVd and EBER. Future studies should compare, ideally prospectively, the agreement and prognostic implications of EBER and pEBVd in EBV1 PTCL. If EBER is the more robust outcome-predicting biomarker, our data suggest that pEBVd will not be an adequate surrogate. On the other hand, our preliminary data suggest that pEBVd rather than EBER may be the better prognostic marker. The high specificity and PPV, ease of attainment, reproducibility, and potential as an adaptable tumor biomarker for longitudinal surveillance (Fig. 3) , make pEBVd a strong alternative vis-avis EBER. Lastly, elevated pEBVd may simply identify the subset of EBV1 PTCL with larger numbers of EBER1 cells in tumor tissue. In advanced stage CTCL, we observed that higher pEBVd levels corresponded to samples with greater numbers of EBER1 cells (3-41 vs. 1-21). 38 Likewise, in ENKTL the level of pEBVd correlates with tumor burden. 8 When we compared outcomes based on pEBVd status, pEBVd1 patients had worse 2-year OS, compared to pEBVd2 patients (26 vs. 55%; p 5 0.04). We used bivariate modeling to control for previous independent prognostic factors. 34, 35 While overall pEBVd1 was associated with worse overall survival, when controlling for non-tumor specific variables such as stage, extranodal disease, and IPI score, pEBVd did not provide independent prognostic information. When controlling for disease subtype (ALCL & AITL), pEBVd1 was independently prognostic. Within the AITL subtype patients who were pEBVd2 tended to have better prognosis than pEBVd1. Similar to classifying and risk stratifying PTCL based on genetic alterations, 30, 44 pEBVd1 may indicate unique disease biology compared to EBV2, even within PTCL subtypes as suggested by Swerdlow et al., 45 Larger, prospective studies will be required to better determine the relative contribution of these findings. In addition, prognostic information might be gained by analyzing pEBVd as a continuous variable rather than a dichotomized pEBVd variable. Thus, we remain cautious to make one-sided conclusions in light of the study weaknesses. However, this is the first study analyzing the clinical significance of pEBVd across all PTCL subtypes. Unlike prognostic factors that entail a level of subjectivity, pEBVd is a quantifiable tumor specific variable that may provide additional clarity regarding PTCL heterogeneity and should be further investigated.
As mentioned, previous studies have assessed the prognostic impact of EBER status in T-cell lymphomas. The Danish study group (LYFO) reported worse survival in EBER1 Tcell lymphomas of various histologies in a registry-based population (7-year OS of 33% vs. 14%; p 5 0.01). 2 More recent studies assessed the prognostic impact of EBER within various PTCL subtypes, defined according to the WHO classification. A Groupe d'Etude des Lymphomes de l'Adulte (GELA) study assessed the significance of EBER status on a cohort of prospectively treated PTCL-NOS patients (N 5 110) and showed that EBER1 patients over the age of 60 had worse survival (21 vs. 31% at 5 years); 27 whereas, the International Peripheral T-cell Lymphoma (IPTCL) Project (N 5 340), a registry-based study, found that EBER positivity was associated with adverse survival in PTCL-NOS patients <60 years old (p 5 0.007). 26 The IPTCL Project reported no significant differences in outcome between EBER1 and EBER2 patients within the AITL subtype. 46 The GELA and IPTCL Project evaluated the number of EBER1 cells semiquantitatively by counting the number of cells and averaging number per high power field. The IPTCL identified >10 EBER1 cells per 200x field as prognostic, while the GELA study found any amount of positivity prognostic. In our study, we assessed EBER as a dichotomous variable and found no significant difference in survival between EBER1 vs. EBER2 patients (p 5 0.65). Differences in defining EBER1 tumors likely contribute to the inconsistent results across studies and demonstrate a need to further study EBV-association across all subtypes using more quantitative methods.
In our study, of the patients with pEBVd measurements during induction, half in the pEBVd1 cohort continued to have elevated pEBVd, all of which subsequently died. The other half of the pEBVd1 patients had undetectable levels during induction and 66% remain alive. Only one pEBVd2 patient had elevated pEBVd after initiation of therapy. While conclusions are limited by small numbers and incomplete data sets, the results raise the question as to whether elevated pEBVd after initiation of therapy predicts worse outcomes.
A number of weaknesses, such as retrospective data collection, small sample size, and inability to further characterize EBV1 cells limit the impact of these observations to hypothesis generation. However, our data show that pEBVd is detectable in a large subset of PTCL, and that detection of pEBVd always implies the presence of an EBER1 tumor, thus alerting the practicing physician to the need to order EBER-ISH on the patient's biopsy. Finally, pEBVd1 may have a role as a prognostic biomarker in EBV1 PTCL and should be prospectively studied as an outcome variable.
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